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Abstract 

We study the A-resonance and deep inelastic scattering contributions in the tau- 
neutrino nucleon scattering u T + N — > r~ + X and u T + N — > t + + X in the 
presence of a charged Higgs and a W gauge boson. The new physics effects to the 
quasielastic process have been discussed in a previous work. The extractions of the 
atmospheric and reactor mixing angles #23 and #13, respectively, rely on the standard 
model cross sections for the above processes. Corrections to the cross sections from 
the charged Higgs and W contributions modify the measured mixing angles. We 
include form factor effects in the new physics calculations and find the deviations 
of the mixing angles. If the reactor neutrino experiments are designed to measure 
the tau antineutrino appearance, the new physics effects to v T + iV — > r + + X can 
impact the extraction of #13. Finally, we investigate the new physics effects on the 
polarization of the r T leptons produced in v T (u T ) nucleon scattering. 
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1 Introduction 



Neutrino oscillation results have confirmed that neutrinos are massive and lepton 
flavors are mixed. This opens a window for searching physics beyond the standard 
model (SM). Beside the standard matter effects, the possibility of having nonstan- 
dard neutrino interactions (NSIs) is opened up. Nonstandard neutrino interactions 
with matter have been extensively discussed HI [21 131 SI 151 El El EJ El HOI HU H21 H31 HH 
[TSl HSl HZl dSl HSl I2OI 12X1 ISl EZl ISOl ISH General bounds 

on NSI are summarized in Refs. [331 EH E2] . The NSI impact have been studied on 
solar neutrinos [36\ |371 [38] , atmospheric neutrinos [391 HQl HD EE] , reactor neutrinos 
[131 HI] , and neutrino- nucleus scattering [351 US] • 

At low energy, the most general effective NSI Lagrangian reads [25] , if we consider 
only lepton number conserving operators, 

£nsi = £-v±a + C-s±p + £t> (1) 

where the different terms are classified according to their Lorentz structure in the 
following way: 

^ = %E^r ±A [^(l-7 5 )4][f7 P (l±7 5 )/] 
V2 f,f> 



+ ^E^ ±A K^(1 -7 5 M[/7p(1 ±7 5 )/] +h.c, 



= % E4 /,,5±p M 1 + Ifo- ± 7 5 )/] + h.c, 
V2 /,/' 



£t = ^^^' T [^4][/V/]+h.c., (2) 



where Gf is the Fermi constant, v a is the neutrino field of flavor the cor- 

responding charged lepton field, and /, /' are the components of an arbitrary weak 
doublet. The dimensionless NSI parameters e's represent the strength of the non- 
standard interactions relative to and we consider only left-handed neutrinos. 
This constraint on the neutrino chirality forbids vvjj terms in C$±p and Ct- If the 
nonstandard interactions are supposed to be mediated by a new state with a mass 
of order Mnsi, the effective vertices in Eq. @ will be suppressed by 1/M^ SI in the 
same way as the standard weak interactions are suppressed by 1/M^. Therefore we 
expect that 

kl ~ ms-- (3) 

iW NSI 

In this work we consider the charged Higgs and W gauge boson contributions 
to neutrino-nucleon scattering. Such new states arise in many extensions of the 
standard model and the phenomenology of these states have been widely studied 
In this paper we will focus on the A-resonance production (A-RES) and deep 
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inelastic scattering (DIS) in the interactions v T + N — > t~ +X and u T + N — > r + + X 
where N = p,n is a. nucleon and X is a possible final state. In the A-RES production 
we discuss the processes with N = n,p and X = A + ,A°, respectively. In the 
neutrino oscillation experiments, the neutrino-nucleus interaction in the detection 
process is assumed to be SM-like. Therefore, the extracted neutrino mixing angles, 
using the SM cross section, will have errors if there are new physics (NP) effects in 
the neutrino-nucleus amplitude. The NP effects modify the standard model cross 
section for the above processes and thus impact the extraction of the atmospheric 
and reactor neutrino mixing angles #23 and #13, respectively. The deviation of the 
actual mixing angle from the measured one, assuming the standard model cross 
section, will be studied including form factor effects in the A-RES case. 

The reaction v T + N — > t~ +X is relevant to experiments like Super-Kamiokande 
(Super-K) [38j 09] and OPERA [50] that seek to measure z/ M — > v T oscillation by 
the observation of the r lepton. If the reactor neutrino experiments are designed to 
measure the tau antineutrino appearance [p e — > u T ), the process v T +N — > r + +X will 
be important to experiments such as Double Chooz [5T] , Daya Bay [52] , and RENO 
[53J. The DONuT experiment [51] measured the charged-current (CC) interaction 
cross section of the tau neutrino. The central-value results show deviation from 
the standard model predictions by about 40% but with large experimental errors; 
thus, the measurements are consistent with the standard model predictions. In 
this work we consider NP effects within a neutrino energy range higher than the 
threshold energy for the r production where the A-RES and DIS contributions are 
dominant. Near threshold quasielastic scattering is important. The charged Higgs 
and W contributions to the quasielastic (QE) scattering v T + n — > t~ + p and 
v T + p — y t + + n were considered in an earlier paper [55] . 

The hadronic transition in the charged-current (CC) interactions v T + N — > 
t~ + X and i> T + iV -> r + + X at the partonic level is described by (u, d) — > q, where 
q is a quark. In the A-RES case q = u,d, while in the DIS the main contributions are 
obtained when q = u,d because of the CKM factors. This means that the effective 
operator of these interactions mainly has the structure Onp = uTidfTjU T , where 
Fij are some Dirac structures. Therefore, we can constrain the NP parameters in 
this work using the constraints that have been discussed in the earlier paper [55] 
through the r decay modes t~ — > tt~i> t and r~ — > p~v T . These decay channels have 
operator structures similar to the one in the above CC interactions. 

In Ref. |55J, we presented a model independent analysis of the NP contribu- 
tions to the deviations of the mixing angles #23 and #13- In the case of #23, the 
relationship between the ratio of the NP contribution to the SM cross section 
^23 = vnp{v t ) / vsm{v t ) an d the deviation 5 2 3 of the mixing angle was obtained 
in a model independent form as 



?"23 



sin2(fl 23 )sM l 2 _ 1 (A) 
L sin2^ ^ { ' 



7 23J 



Here, 6*23 = (#23)5^/ + £23 is the actual atmospheric mixing angle, whereas (6*23)sm is 
the extracted mixing angle assuming the SM v T scattering cross section and £23 is the 
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deviation . From figure (1) in Ref. [55J, one can see that ~ — 5° requires r 23 ~ 5%. 
Similarly for #i 3 determination, the relationship between r\s = <Jnp{v t )/<tsm{v t ) 
and 5i3 is given by 



?"13 



sin2( 



'13 J SM 



L sin2(# 13 ) 
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-1, (5) 



with 6> 13 = (Oi 3 ) S M + ^13- In this case, because of the relative smallness of 9 13 one 
finds that a larger NP effect is required to produce the deviation. As an example, 
<5i3 ~ —1° requires ri 3 ~ 25%. 

We study, also, the NP effect on the spin polarization of the produced r lepton. 
The produced r decays to several particles including v T and tracing back the r decay 
particle distributions indicates the appearance of r. Because the r decay distribu- 
tions depend significantly on its spin polarization [56] . the polarization information 
is essential to identify the r production signal. Hence it is important to know how 
NP affects the r polarization. 

The paper is organized as follows: We give in the next section the kinematical re- 
lations and formalism required for r production in the neutrino-nucleon interaction. 
In the following two sections (3,4) we study the effects of the charged Higgs and 
W gauge boson contributions to the A-RES and DIS scattering processes and the 
impact on the extracted neutrino mixing angles 623 and #13. In section (5) we study 
the spin polarization of the produced lepton. In the last section, we present our 
conclusions. 



2 Kinematics and formalism 

In the interactions z/ r (z/ T ) + iV — > t~(t + ) + X, we define the four-momenta of incom- 
ing neutrino (k), target nucleon (p) and produced r lepton (k') in the laboratory 
frame. The hadronic invariant mass 

W 2 = (p + q) 2 , (6) 

where q = k — k' is the four-momentum transfer, is defined in the allowed physical 
region 

M <W <^~s-m T1 (7) 

where s = (k +p) 2 is the center of mass energy and M is the average nucleon mass. 

The three relevant subprocesses in the neutrino-nucleon interactions are classified 
according to the regions of the hadronic invariant mass W and the momentum trans- 
fer q 2 (= —Q 2 ) |57j. One can label QE (quasi-elastic scattering) when the hadronic 
invariant mass is equal to the nucleon mass W = M, RES (resonance production) 
when M+m^ < W < W cnt , and IS (inelastic scattering) when W cut < W < y/s—m T . 
W cut , taken in the region 1.4 GeV~1.6 GeV, is an empirical boundary between RES 
and IS processes, to avoid double counting. The deep inelastic scattering DIS may 
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be labeled within the IS region when Q 2 > 1 GeV 2 , where the use of the parton 
model can be justified. 

In this paper, we consider A-resonance state production and neglect all the other 
higher resonance states which give small contributions [58 | 159 } [60]. One can write 

W 2 = M 2 + t + 2p- q, (8) 

with p ■ q = M(E^ m — Ef m ) where the energy and momentum of the lepton and the 
neutrino in the center of mass (cm) system are 

[s - M 2 ) 



ET = V " 2 ^T ' , pf*= (Er) 2 -mi 

with (mi, M, Ma) being the masses of the charged lepton, nucleon, and the A 
state, respectively. In the lab frame, the charged lepton energy is given by 

t + 2ME v + M 2 -M 2 A 
El = 2M • (10) 

The threshold neutrino energy to create the charged lepton partner in the A-RES 
case is given by 

(m, + M A ) 2 - M 2 



E - = 2M n ' 



which gives E^ = 4.35 GeV in the case of tau neutrino production. Using the 



allowed range of the invariant mass in the resonance production, the allowed region 
of the momentum transfer t = — Q 2 lies in the interval 

(M + m n ) 2 - (M 2 + 2M(E™ - Ef m )) < t < W 2 ut - (M 2 + 2M(E c J a - E™ 1 )) .(12) 

In the DIS part, we calculate the differential cross section with respect to the 
scaling variables which are defined as follows 

= Q2 - Q2 mi 

X 2p-q W 2 + Q 2 -M 2 ' 1 } 

p . q W 2 + Q2_ M 2 ^ 

y = p~k= s-M 2 =1 -£? (M) 

where x is the Bjorken variable and y is the inelasticity. The physical regions for x 
and y are obtained by Albright and Jarlskog [61, 62J 



2 

mi 



<x<l, (15) 



2M(E V - m T ) 
and 

A-B<y<A + B, (16) 
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where 



A = - 

2 



B 




2ME v x 



(17) 
(18) 



3 A-Resonance production 

Neutrino-nucleon scattering produces many possible resonance states, one of which 
is the A-state. In this section we are going to consider two processes which include 



and z/r 



v T + n — >■ r + A + , 
v T + p r + + A . 



(19) 



We will study the contributions of the charged Higgs and W gauge boson to the 
above interactions. The deviation of the actual mixing angles #23 and #13, assuming 
NP contributions, from the measured ones, which depend on the SM cross section, 
will be discussed. 



3.1 Standard model cross section 

The hadronic tensor for the A resonance production can be calculated using the 
nucleon-A weak transition current J M as follows [57] : 

cos^^ 1 WY{W) 



in/ 



spins 



where Ma = 1.232 GeV, and T{W) is the running width estimated by assuming the 
dominance of A — > N + 7r decay: 

W = rW ^gM, (21) 

withT(M A ) = 0.12 GeV and \(a,b,c) = a 2 + b 2 + c 2 - 2(ab + be + ca). 

The current J M for the process v T + n — > t~ + A + in the SM is defined by 

J, = (A + W>(P)> = (A + ( P ')|(^-A>(P)) 

= r A+ (p')T, a u n (p), (22) 
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where ip a is the spin-3/2 particle wave function and the vertex is expressed in 



terms of the eight weak form factors C^ 34 5 6 [63], Ell EH [66] as 

\r,Y nY . 

r 



qV qV qV qV 



+ 



M 



a 



91 

M 2 



QnQa 



The other nucleon-A weak transition currents can be obtained using the isospin 
invariance and the Wigner-Eckart theorem 



(A+| J» = (A°| J». 



(24) 



From the conserved vector current (CVC) hypothesis, C\ = and the other vector 
form factors C^ 3 4 5 are related to the electromagnetic form factors. One can adopt 
the following parametrizations: 



M 2 



2 ; 



c 



V(J2\ 



M 
Ma 



(25) 



with C£ (0) = 2.05 where My = 0.71 GeV 2 is the vector mass. Using the modified 

' 1=3,4,5 



dipole form factors (HH |66] , the axial vector form factors C{Yi a k can be written as 



^=3,4, 5 (? 2 ) = Ci(0) 



a%q 



k - q 2 

with C 3 (0) = 0, C 4 (0) = -0.3, C 5 (0) = 1.2, a 4 
and 

M 2 



M\ 



1 - r^-r ( 1 - ~W I • (26) 

b 5 = 2.0 GeV 2 

and Ma = 1.35 GeV is the axial mass. And for C<f , we use the following relation 



05 



-1.21, & 4 



<W) = c 5 (o) 



m 2 — q 2 



(27) 



We assume the above relations to be valid also for large values of q 2 . The pseudo- 
scalar form factor C§(q 2 ) has not been measured because its contribution vanishes 
for massless leptons. 

In Eq. (|20p . summation over the hadronic spins is done by using a spin projection 
operator of the spin-3/2 particle wave function which is given by [57] 



spin 



^v(p') Vv(p') 



i' + M^ 



g^v 



2pjX lP^-p'^ 



3M| 



M A 



(2f 



75 

(23) 
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The hadronic tensor is written as 

RES _ cos 2 e c r p - 1 1 WT(W) 

W ,u -^r^[P T^U + M)I>j - {w2 _ Ml)2 - w2T2{wy (29) 

Within the kinematical region of M + m n < W < W cut with W cut = 1.4 GeV, we 
estimate the total cross section of the A production (A-RES) process by integrating 
over E T and cos#. 



3.2 Charged Higgs contribution 

We consider here the charged Higgs contribution to v T + n — > t~ + A + and v T + p — > 
r + +A°. As considered in the previous paper [SS], we choose the couplings of charged 
Higgs interactions to the SM fermions to be given by the two Higgs doublet model 
of type II (2HDM II) [68] 



C - 9 



Vu^u^T 3 ± <7p VK + n{gf ± g"/i 7 % ^, (30) 



where Ui and dj refer to up and down type quarks, and z/j and lj refer to neutrinos 
and the corresponding charged leptons. The other parameters are as follows: g = 
ej sin8w is the SM weak coupling constant, V Ui a- is the CKM matrix element, and 
gs,p are the scalar and pseudoscalar couplings of the charged Higgs to fermions. 
Here, in this work, we assume the couplings gs,p are real and given as 

'm d tan/3 + m Ui cot/3" 



9s 



Uidj 

9 P 



M w 

m d tan /3 — m Ui cot f3 



Mi 



w 



,../. ,../. mi. tan B , 

9s ~ 9p ~ M w ' [6L) 

where tan 8 is the ratio between the two vev's of the two Higgs doublets. From 
Eq. [30] we can construct the NSI parameters defined in Ref [69] as Ett^ = m ^z T 
and e u T d T {R) = m ^t^p 

The (pseudo-) scalar hadronic current J for the processes v T + n — > t~ + A + and 
v T + p -> r+ + A in the 2HDM II is defined by 

J = (A + (p')\J\n(p)} = (A°(p')\J\p(p)} =r A+ (p')T a u n (p), (32) 

where the vertex r a is expressed as 

T a = g U s dj GvX a + g U p dl G A Y al \ (33) 

Applying the equation of motion, one can obtain the hadronic matrix elements for 
the scalar and pseudoscalar currents 

(A + (p')\ud\n(p)) = r A+ (p')G v X a u n (p), 
-(A + (p'))\u^d\n(p)) = r A+ (p')G A Y al5 u n (p) , (34) 
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where X a and Y a are 4-vectors and 



C£(t) + C£(t) t/M 2 



G v (t) 

m u - m d 

G A {t) = 0, 

X a = q a . (35) 

The hadronic contribution can be written as 

RES _ cos 2 e c r p - ] 1 WT(W) 

We use here the constraints on the NP parameters (Mh, tan/3) discussed in 
Ref. (55] to calculate the cross sections. The ratios between the charged Higgs 
contributions to the two processes v T + n — > r~ + A + and v T + p — > r + + A 
relative to the SM cross sections r?? = CTH< > T \ and r]f = aB \Z \ , respectively, 
can be obtained within the kinematical interval M + m n < W < 1.4 GeV. The 
hadronic contribution to the matrix element is proportional to q a {= X a ) which 
varies within the small interval in Eq. [T2j Thus, we require relatively large values 
of the NP parameter tan to enhance the NP contributions. The ratios rjf and 
r l ft decrease with increasing the incident neutrino energy and the charged Higgs 
mass, see Figs. (IU |3]). The deviations 823, and £13 of the atmospheric and reactor 
mixing angles, respectively, are negative as there is no interference term with the 
SM, see Figs. fl2j Hj). Hence, the total cross sections for v T + n — > t~ + A + and 
v T + p — > r + + A are always larger than the SM cross section. This means that, 
if the actual 823 is close to maximal, then experiments should measure 823 larger 
than the maximal value in the presence of a charged Higgs contribution. As an 
example, we find that 5 23 » -5° and rf w 6% at E u = 4 GeV, M H = 200 GeV, and 
tan = 60. As #13 is a small angle, the deviation 613 for similar set of parameters is 
small. For instance, we find <J 13 w -0.3° and r$ « 6.5% at E v = 4 GeV, M H = 200 
GeV, and tan (3 = 60. 



3.3 W gauge boson contribution 

We next consider modification to the A-RES production in u T + n — > r~ + A + and 
v T + p — y t + + A in models with a W gauge boson. The lowest dimension effective 
Lagrangian of W interactions to the SM fermions has the form 

C = A^V rf f' 1 ^g^P L + g f R f P R )fWl+ h.c, (37) 

where /' and / refer to the fermions and g{ ^ are the left and the right handed cou- 
plings of the W . We will assume g{ ^ to be real. Constraints on the couplings in 
Eq. (13?]) come from the hadronic r decay channels r _ — > tt~v t and r~ — > p~v T dis- 
cussed in Ref. [55] , which are consistent with the ones in Ref. [69] . From Eq. [371 the 
NSI parameters defined in Ref. [69] are given as e^ L,R}> = 9(l R)(j}^;) 2 ■ 
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200 250 300 350 400 450 500 5 10 15 20 

M H [GeV] E v [GeV] 

Figure 1: Resonance (if): The figures illustrate variation of rfj% with M# (left) and 
E v (right). The green line corresponds to the SM prediction. The black (dotdashed), 
red (dashed), and blue (solid) lines correspond to tan (3 = 40, 50, 60 at E v = 5 GeV 
(left) and at M H = 200 GeV (right). 
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M H [GeV] E v [GeV] 

Figure 2: Resonance (if): The figures illustrate variation of 823 with M# (left) and 
E v (right). The green line corresponds to the SM prediction. The black (dotdashed), 
red (dashed), and blue (solid) lines correspond to tan/3 = 40, 50, 60 at E u = 5 GeV 
(left) and at M H = 200 GeV (right). Here, we use the best-fit value 6 23 = 42.8° [70]. 



The current J M for the process v T + n — > t + A + and v T + p — > t + + A in the 
W model is defined as 

J, = (A+( P ')| J>( P )> = (AV)l4b(p)> = n+W) (9 u L d r„ a + g%% a ) u n (p), (38) 

where r MQ , is the left-handed vertex, given in Eq. [231 an d r' is the right-handed 
vertex, with (75 — > —75), for the W gauge boson. The hadronic tensor in the W 
model is now calculated from 

W™ s = Tr [P^igfY^ + g u R %M + M) (g u L d T u , + gft' v , 



4 

1 WT(W) 

n(W 2 - Ml) 2 + W 2 T 2 (W)' 
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(39) 
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Figure 3: Resonance (if): The figures illustrate variation of r#% with Mr (left) and 
E v (right). The green line corresponds to the SM prediction. The black (dotdashed), 
red (dashed), and blue (solid) lines correspond to tan (3 = 40, 50, 60 at E v = 5 GeV 
(left) and at M H = 200 GeV (right). 
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Figure 4: Resonance (if): The figures illustrate variation of 813 with Mh (left) and 
E v (right). The green line corresponds to the SM prediction. The black (dotdashed), 
red (dashed), and blue (solid) lines correspond to tan/3 = 40, 50, 60 at E v = 5 GeV 
(left) and at M H = 200 GeV (right). Here, we use the best-fit value 9 13 = 9.1° [71] . 



Using the constraints on the W couplings discussed in Ref. [SS], the ratios of 
the W contributions to v T + n — > r~ + A + and v T + p — > r + + A relative to 
the SM cross sections = aw '^ T \ and r}?n = aw '^j\ respectively, are shown 

in Figs. (El EJ). The r^, and r^, values are mostly positive which, in turn, leads 
to $23 and 5 13 being mostly negative. The variation of #23 and 613 with the W 
mass and E v in the SM-like case, with only left-handed couplings, and for the case 
where both the LH and RH couplings are present are shown in Figs. ([HI H E])- As 
a typical example, we find that #23 ~ — 5° at E v = 4 GeV, Mw' = 500 GeV, and 
(9 T L T ,9t d ,9R d ) = (1.23,0.84,0.61). Because of the smallness of 8 13 , the NP effect 
on the extraction of #13 is small. Achieving large S13 within the constraints given 
in Ref. |55j is difficult in this model. As an example, we find that S13 ~ —0.4° at 
E V = A GeV, M W i = 500 GeV, and {g T L u \ gf ', gf) = (1.23,0.84,0.61). 
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Figure 5: Resonance (W 

„23 



r^y/Vo with the W mass M w 



The left (right) panel figures illustrate the variation of 
(E v ) when both left and right-handed W couplings 
are present. The lines show predictions for some representative values of the W cou- 
plings {§Y T ,9L d i 9 Ft)- The green line (solid, lower) corresponds to the SM prediction. 
The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) 
at E v = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to 
(1.23 , 0.84 , 0.61) at M w > = 500 GeV. 
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Figure 6: Resonance {W')\ The left (right) panel figures illustrate the deviation <5 2 3 
with the W mass M W i (E v ) when only left-handed W couplings are present. The 
lines show predictions for some representative values of the W couplings ( g™ T , g^ d ) . 
The green line (solid, upper) corresponds to the SM prediction. The blue line (solid, 
lower) in the left figure corresponds to (0.69, 0.89) at E u = 17 GeV, and the blue 
line (solid, lower) in the right figure corresponds to (1.42, 0.22) at M W i = 500 GeV. 
Here, we use the best-fit value #23 = 42.8° [70] . 

4 Deep inelastic tau neutrino scattering 

We study here the contributions of the charged Higgs and W to the interactions 

v T + iV -> r~ + X, 

v T + iV ->■ r+ + X. (40) 
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10 12 14 16 18 20 



M w [GeV] E v [GeV] 

Figure 7: Resonance (I4 7 '): The left (right) panel figures illustrate the deviation 
S23 with the W mass Mw' (E u ) when both left and right-handed W couplings 
are present. The lines show predictions for some representative values of the W 
couplings {gY T , 9if > 9fi) ■ The green line (solid, upper) corresponds to the SM pre- 
diction. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , 
-0.85) at E v = 17 GeV, and the blue line (solid, lower) in the right figure corresponds 
to (1.23 , 0.84 , 0.61) at M w , = 500 GeV. Here, we use the best-fit value 6 23 = 42.8° 




500 600 700 800 900 1000 6 8 10 12 14 16 18 20 

M w [GeV] E v [GeV] 

Figure 8: Resonance (W): The left (right) panel figures illustrate the variation of 
rly-,% with the W mass M w i (E v ) when both left and right-handed W couplings 
are present. The lines show predictions for some representative values of the W cou- 
plings {gY T iQlfi 9 it)- The green line (solid, lower) corresponds to the SM prediction. 
The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) 
at E v = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to 
(1.23 , 0.84 , 0.61) at M w , = 500 GeV. 

The deviation of the actual mixing angles 823 and #13, assuming NP contributions, 
from the measured ones, which depend on the SM cross section, will be discussed. 
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Figure 9: Resonance (W): The left (right) panel figures illustrate the deviation 
8i3 with the W mass My/' (E v ) when both left and right-handed W couplings 
are present. The lines show predictions for some representative values of the W 
couplings {gY T ■> Qifi 9 it)- The green line (solid, upper) corresponds to the SM pre- 
diction. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , 
-0.85) at E v = 17 GeV, and the blue line (solid, lower) in the right figure corresponds 
to (1.23 , 0.84 , 0.61) at M w , = 500 GeV. Here, we use the best-fit value 13 = 9.1° 

mi. 



4.1 Standard model cross section 

The SM differential cross section for the processes in Eq. HQ] can be written in terms 
of leptonic (L^) and hadronic (W 1 ") tensors as [57] 



dxdy V 27r / 



(41) 



where K is given as 



2 \ -1 



m w 



The leptonic tensor is 

L^J- T ^ = (^—k.k g^y + k^k „ + k v k ^ it^ ua ^k k j , (43) 

where the =f sig 11 i n the parenthesis corresponds to L v * and L v ^ v . The hadronic 
tensor can be written using the quark-parton model as 

qq J ^ 

where p 1 ^ = £p M is the four-momentum of the scattering quark and £ is its momentum 
fraction. f q and fq are the parton distribution functions in the nucleon. The quark 
tensor after averaging over the initial quark spin and summing over the final quark 
spins is given as 
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Ki i?v\Pqi O) = ^{2p q .q-Q 2 -ml)[-g^(2p q .q)+2p q ^+ie^ a pPgq^+(p q ^q u +p qu q IJ ,)}. 

(45) 

The hadronic tensor can be written as 

*V = (-Wk^ + W 2 ^ + W, l€ ^ qV + W 5 {P ^+ 2 P » q ^ . (46) 

The W's are given by the following relations: 

W x {p.q,Q 2 ) = F x {x,Q 2 ), 
M 2 

W^^p.q.Q 2 ) = F (l=2t3t5) (x,Q 2 ), (47) 

p.q 



and 



F 1 = J2f^>Q 2 )> 

qq 

F 2 = 2^e/^,Q 2 ), 
qq 

F 3 = 2^/,(e,g 2 )-2^/ g -(e,g 2 ), 

q q 

F 5 = 2]T/ W -(£,Q 2 ), (4* 



qq 



where p.g — 2 ~ ME u y. The quantities x, y are defined in section. 2. In the m c — > 

limit, the Callan-Gross relation F 2 = 2£.Fi and the Albright- Jar lskog relations 
F 4 = 0, 2£F 5 = F 2 hold. 

The differential cross section can be parametrized as follows, after setting K 2 ~ 1 

m\ 

d 2 a vA»r) {G 2 F V 2 q ,\ f 1 . 1 _ 1 



(49) 



where A,B,C,D are defined as 

2 

/ 

2#jM 
m 2 \ ( Mx 



1 / m i 

A = y [yx + 



B 



C = 2y(x(l 



AEJ J V 2E > 

y\ mi 



V 

2 



2) AE U M 

D = (50) 



EyM' 



14 



and x and y are related by 



x 



Q 2 



2E v My 



(51) 



4.2 Charged Higgs contribution 



The charged Higgs contributions to the matrix elements of the interactions v T + N — > 
t~ + X and v T + N — > r + + X are given by 



GFVqq' 
GFVqq' 



X H 9 U s T M*0 (1 + 75H.(A0] [vWrf + ^7s) 
^^ TT [V(*)(l - 7bK(A0] k'Wfos' - 0?7b) 



(52) 



where q, q' = (ui, dj) and the couplings gg 9 P , g v $ T are defined in Eq. [3TJ The leptonic 
current can be written as 



r 



v UT (k)(l - j 5 )v T (k'). 



The leptonic tensor in Eq. HH for the charged Higgs is 
The hadronic tensor in Eq. for the charged Higgs is 
where the partonic tensor for the charged Higgs is 
with 

= u q/ {p' q ,)(gf ±gf' l5 )u q {p q 
The differential cross section is given by 



(53) 

(54) 

(55) 

(56) 
(57) 



dxdy 



X) 



G F V q \,E v M 



7T 



y \yx + 



2E,M 



1 r 



(gfr + (gf'r Fl 6{£ - x) 



{hi 
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where Xh = M^/Mfj and the definitions of the 2HDM coupling constants are given 
in Eqs. |3TJ There is no interference term of the SM and NP amplitudes. Thus, 
with the constraints on the NP parameters (Mh, tan/3) [55], the charged Higgs 
contributions relative to the SM r# = <Jh(v t )/<jsm(v t ) and r 1 ^ = <Jh{v t )/o'sm{^t) 
are small within the kinematical interval W cu t <W < \fs — m T GeV with W cut = 1.4 
GeV. Thus, the deviations an d S13 of the mixing angles are negligibly small. 



4.3 W gauge boson contribution 

The matrix elements are 
-iG F V qq 'K W i 



= ( - %GfV ^ Kw ' \ [v UT (kmi - l5 )v T (k')} [u q ,{p' q> ) 7m (Y w , - 7{V'75) u q (p q )] 



s/2 

where the definitions are 



(59) 





= X w ,g^(gf 






lw> 


= X w ,g^(gf' 






Xw' 


= ( m r V 

\ m wJ 






K w > 


( 1+ m 2 r ) 


-1 


(60) 



The total differential cross section has the same form as the SM one in Eq. (J49 
after setting K^, ~ 1, 



U a SM+W' _ / {jr F v qq' 



dxdy \ 2n 



) y ( A 'Wi + -^ B ' w * ± jp c ' w * + W* D ' W *) 

(61) 



where A',B',C, and D' are defined as: 



with 



A' = Udaf + lbf), 

B> = ^(laf + lbf), 

C = Re[a'b'*]C, 

D> = \ D {\af + \bf). (62) 



a ' = 1 +lw" 

b' = l+7w'- ( 63 ) 
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The ratios of the W contributions to the SM cross sections and Ty^t and the 
deviations #23 and 5\$ are shown within the allowed kinematical range M + < 
W < 1.4 GeV in Figs. (JTUl EH H2l IS])- The rj$, and r^, values are mostly positive 
which, in turn, leads to 623 and 5 13 being mostly negative, respectively. As some 
examples, we find that 5 23 « -5° and 5 n « -0.25° at S„ = 17 GeV, Af w # = 500 
GeV, and {gp,gt,gt) = (-0.94,-1.13,-0.85). 

61 1 

5; : 
4; : 

c ; ; 

1 ; : 
o r ' 

500 600 700 800 900 1000 6 8 10 12 14 16 18 20 

Mw[GeV] E v [GeV] 

Figure 10: DIS (W): The left (right) panel figures illustrate the variation of r^,% 
with the W mass Mw> {E v ) when both left and right-handed W couplings are 
present. The lines show predictions for some representative values of the W cou- 
plings {g™ T -iQIl-i 9 Ft)- The green line (solid, lower) corresponds to the SM prediction. 
The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) 
at E v = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to 
(1.23 , 0.84 , 0.61) at M w , = 500 GeV 




5 Polarization of the produced r ± 

In this section we study the effects of NP on the polarization of the produced r. 
The starting point is to construct the spin-density matrix p\ t \>, where A and A' are 
the helicity of the r lepton. The spin-density matrix p\\i is related to the spin 
dependent differential cross section as 

^°"A,A' I 1 2 d(J total ,„ A \ 



dEi dcosO dEi d cos 9 

where the total cross section a tota i = cru + a_i_i. The spin-density matrix p\ v is 

22 22 ' 

expressed in terms of the spin dependent matrix element M\,y = L^W^ as 

Px ' y = V A/f ' (65) 
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Figure 11: DIS {W): The left (right) panel figures illustrate the deviation #23 
with the W mass My?i (E v ) when both left and right-handed W couplings are 
present. The lines show predictions for some representative values of the W cou- 
plings (g™ T \ g'ft 1 ) . The green line (solid, upper) corresponds to the SM predic- 
tion. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , 
-0.85) at E u = 17 GeV, and the blue line (solid, lower) in the right figure corre- 
sponds to (1.23 , 0.84 , 0.61) at M w > = 500 GeV. Here, we use the best-fit value 

0i3 = 9.i o mi. 
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Figure 12: DIS {W')\ The left (right) panel figures illustrate the variation of 
with the W mass Mw' {E v ) when both left and right-handed W couplings are 
present. The lines show predictions for some representative values of the W cou- 
plings (g™ T ,g1 d , gJi). The green line (solid, lower) corresponds to the SM prediction. 
The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) 
at E u = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to 
(1.23 , 0.84 , 0.61) at M w > = 500 GeV. 

The most general form of the polarization density matrix p of a fermion is parametrized 

as 

p = M = l('^-p) = l(p^h P i-p Pv )' (66) 
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Figure 13: DIS (W): The left (right) panel figures illustrate the deviation 5 13 
with the W mass Mw> {E v ) when both left and right-handed W couplings are 
present. The lines show predictions for some representative values of the W cou- 
plings (gY T j 9 if 1 9fi) • The green line (solid, upper) corresponds to the SM predic- 
tion. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , 
-0.85) at E v = 17 GeV, and the blue line (solid, lower) in the right figure corre- 
sponds to (1.23 , 0.84 , 0.61) at M w > = 500 GeV. Here, we use the best-fit value 
013 = 9-1° |ZU. 



where I is the 2x2 identity matrix and P is the polarization vector of the decaying 
spin- 1/2 lepton. 

To determine the components (P x , P y , P z ) of the polarization vector we choose 
the following kinematic variables. The four-momenta of incoming neutrino (k), 
target nucleon (p) and produced lepton (k') in the laboratory frame are 

P = (E u ,0,0,E v ), 
p» = (M, 0,0,0), 

k ,f * = (Ei,pi sin 9 cos 0, pi sin 9 sin (f), pi cos 9) . (67) 

We introduce three four-vectors s" , a = 1, 2, 3 such that the s a and k'Jmi form 
an orthonormal set of four- vectors as defined in [72]: We choose the three spin 
four-vectors of the lepton such that 

s a -k' = 0, 

sl-s h v = -g»v + ^f, (68) 

where 

= (0, cos 6* cos </>, cos 6* sin 0, — sin 9) , 
s fi = (0, — sin0, cos0, 0) , 

s ^ = (Pi l m h Ei I mi sin 9 cos 0, Ei/mi sin 9 sin 0, Ei/mi cos 9) . (69) 
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Finally we define the degree of r polarization P as 



P = ^JpJTpJ+P?. (70) 

The SM results for the polarization components P x , P y , P z can be found in Ref. [ST] 
for the processes QE, A-RES and DIS. We also found these components in the 
presence of charged Higgs and W contributions. The plots in Fig. ( 1T4"|) show the 
degree of r polarization P with respect to E T in the QE, A-RES, and DIS scattering 
in the SM, charged Higgs, and W model for degree, 5 degrees and 10 degrees. The 
incident neutrino energy is at 10 GeV. In the polarization plots we see the charged 
Higgs and W model produce small deviation from the SM values. 




Figure 14: The degree of r polarization P at incident neutrino energy 10 GeV versus 
E T in the QE (left), A-RES (middle), and DIS (right) scattering. In the QE plots the 
following are the color schemes. For degree: black circle-SM, blue square- charged 
Higgs, red triangle-W; For 5 degrees: gray circle-SM, green square- charged Higgs, 
brown triangle-H"; For 10 degrees: magenta circle-SM, cyan square- charged Higgs, 
purple triangle- W. At the lower E T value P remains almost the same for the three 
scattering angles. In the A-RES and DIS plots the solid lines are for degree, the 
dashed lines are for 5 degrees, and the dotted lines are for 10 degrees. The black 
color is for the SM, red is for W, and blue is for charged Higgs. 



6 Conclusion 

New physics contributions to the tau-neutrino nucleon scattering were considered in 
this work. We discussed charged Higgs and W effects to the A resonance production 
u T {u T ) + n{p) — > t~(t + ) + A + (A°) and deep inelastic scattering u T {u T ) + N — > 
t~(t + ) + X in the neutrino-nucleon interactions. Considering these effects in the 
neutrino detection process at neutrino oscillation experiments modify the measured 
atmospheric and reactor mixing angles #23 and #13, respectively. In the resonance 
production, we included form factor effects in the calculations of the deviations $23 
and <5i3 of the actual mixing angles from the measured ones. We constrained the 
parameters of both models from r~ — > -n~v T and r _ — > p~v T decays that is discussed 
in a previous work. The cross section of the A resonance production was calculated 
within the kinematical interval M + < W < W cut , while the deep inelastic 
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scattering was calculated within the range W cut < W < y/s — m T with W cut = 1.4 
GeV. If the reactor neutrino experiments are able to measure the transition u e — y P T , 
the NP effects can impact the extraction of # 13 . As #13 is a small angle, large NP 
parameters are required to produce observable deviations #13. 

In the case of A resonance production, the charged Higgs contribution was found 
to be proportional to q 2 which suppressed the NP effect within the allowed kinemat- 
ical region. The values of the deviations S23 and #13 were negative as the interference 
term in the cross section vanishes in the limit of ignoring the neutrino mass and, 
in turn, the total cross section is always larger than the SM one. The values of #23 
and 5is in the W gauge boson contributions were found to be both positive and 
negative, but were mostly negative. The 623 and 613 values decreased in magnitude 
with increasing incident neutrino energy and the new state masses {My/ 1 , Mh)- 

In the case of deep inelastic scattering, the charged Higgs contribution does 
not have interference with the SM cross section. With the constraints on the NP 
parameters, the NP effects were negligible and the deviations S23 and £13 were very 
small. The values of deviations were found to be mostly negative in the W model. 
The #23 and 5i 3 values increased in magnitude with increasing incident neutrino 
energy and decreased with increasing My/i. Finally, we studied the NP effects on 
the degree of polarization of the produced r and found that the deviation of the 
polarization results in the NP models from the SM values were negligibly small at 
different scattering angles. 
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